ABSTRACT An experiment was conducted to evaluate the effects of ZnSO 4 or ZnO supplementation of broiler diets on growth performance and loss of uric acid N and total N from manure. A total of 240, 1-d-old broiler males were used for this experiment. Each dietary treatment was replicated 3 times with 10 birds per replicate. Chicks were fed a control diet for the first 6 d and then treatment diets for the next 12 d. There were 8 dietary treatments: the control, CuSO 4 -20, ZnSO 4
INTRODUCTION
As public scrutiny of the environment has increased, the poultry industry has faced pressure to reduce its impact on the environment. One of the major environmental concerns associated with the poultry industry is NH 3 volatilization, which increases atmospheric acid deposition (Moore, 1998) . Many studies have demonstrated that high levels of NH 3 on the farm could reduce feed efficiency, growth rate, and egg production (Charles and Payne, 1966; Reece et al., 1980; Caveny et al., 1981; Deaton et al., 1984) ; damage the respiratory tract (Nagaraja et al., 1983) ; and impair immune responses (Nagaraja et al., 1984) . Thus, reducing NH3 volatilization is very important to maintain human and animal health and a clean environment.
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feed consumption, and feed efficiency of chicks fed the diets supplemented with 1,500 ppm Zn as ZnSO 4 were significantly lower than those of the other treatments, whereas the ZnO treatments had no negative effects on growth performance. After the 21-d incubation, the uric acid-N levels of manure from chicks fed the ZnO-1,000 treatment were significantly higher than those of manure from chicks fed the ZnSO 4 -500. The manure from chicks fed the Zn-supplemented diets had significantly less total N loss compared with that from chicks fed the control. The manure from chicks fed ZnO-1,500 had significantly less total N loss than that from chicks fed the other treatment diets. This study indicated that the Zn treatments significantly reduced nitrogen loss in poultry manure, and ZnO could be a better Zn source to prevent nitrogen loss to the atmosphere without any detrimental effect on growth performance. poultry manure, is converted into allantoin by microbial uricase. The allantoin is further broken down into NH 3 by other microbial enzymes (Bacharach, 1957) . Therefore, the inhibition of these key enzymes is critical in preventing NH 3 volatilization. Kim and Patterson (2003) reported that ZnSO 4 significantly inhibited the activity of microbial uricase, reduced NH 3 volatilization, and increased nitrogen retention in broiler manure when manure was mixed with up to 2% ZnSO 4 (wt/wt).
In this study, we hypothesized that, if broiler diets were supplemented with high levels of Zn, uric acid degradation and N loss from manure would be significantly reduced. Therefore, the objectives of this study were as follows: 1) to determine the effect of dietary ZnSO 4 or ZnO supplementation on retention of uric acid N and total N in broiler manure and 2) to evaluate the effect of dietary Zn supplementation on broiler performance.
MATERIALS AND METHODS
There were 8 dietary treatments: the control, CuSO 4 -20, ZnSO 4 -500, ZnSO 4 -1,000, ZnSO 4 -1,500, ZnO-500, ZnO-1,000, and ZnO-1,500. The formulation of the control diet is shown in Table 1 . The Zn treatments contained 500, A total of 240 1-d-old broiler males were used for this experiment. Each dietary treatment was replicated 3 times with 10 birds per replicate. Chicks were fed the control diet for the first 6 d and then treatment diets for the next 12 d. Manure was collected daily from d 8 to 18 and immediately frozen at −20°C for the analysis of Zn, uric acid N, and total N concentrations and for subsequent incubation experiments. Body weight and feed consumption were measured on d 6, 9, 12, 15, and 18. On d 18, 2 birds from each treatment were killed by cervical dislocation, and the breast muscle was collected for the measurement of mineral concentrations.
A 300-g sample of the broiler manure was removed from freezer storage and incubated in a pan for 3 wk at room temperature. After incubation, samples were collected for the measurement of total N, uric acid N, and mineral concentration using a combustion method (AOAC, 1994) , a colorimetric method (Alumot and Bielorai, 1979) , and an ICP method (USEPA, 1986), respectively. All animal care procedures were carried out as described in the protocol approved by the Pennsylvania State University Institutional Animal Care and Use Committee (00R007-00).
Statistical Analysis
The data from all experiments were subjected to oneway ANOVA as a completely randomized design using the general linear models procedure of SAS software (SAS Institute, 1994 ). Significant differences among the means were determined by using Duncan's multiple-range test (Duncan, 1955) at P < 0.05.
RESULTS
The impact of dietary ZnSO 4 or ZnO supplementation on broiler growth performance during the entire experiment period (d 6 to 18) is shown in Table 2 . The weight gain of chicks fed the ZnSO 4 -1,500 was significantly lower than that of chicks fed the control and other treatments. The chicks on ZnO treatment had greater weight gains than those fed the ZnSO 4 -1,000 or 1,500 treatments (P < 0.05), whereas there were no significant differences in weight gain among the control and ZnO treatments. Increasing dietary Zn levels as ZnSO 4 from 500 to 1,500 ppm decreased the weight gain; however, the chicks fed ZnO treatments did not exhibit this trend.
Feed consumption of chicks fed the ZnSO 4 -1,000 or ZnSO 4 -1,500 diet was significantly lower than for those fed the control, ZnO-500, ZnO-1,000, or CuSO 4 -20 diet. Feed consumption decreased linearly with dietary Zn levels as supplemental ZnSO 4 increased from 500 to 1,500 ppm. However, there were no significant differences in feed consumption among chicks fed the control, the ZnSO 4 -500, the 3 ZnO treatments, or the CuSO 4 -20 diet. Feed efficiencies of chicks fed the ZnSO 4 -1,500 or CuSO 4 -20 treatment were lower than for those fed the ZnO-1,000 treatment (P < 0.05), whereas there were no significant feed efficiency differences among chicks fed the control and the other treatments.
The Zn and Cu levels of manure and breast muscle from chicks fed different levels of Zn are shown in Table  3 . The overall trend for Zn excretion was that Zn levels in manure increased as dietary Zn levels increased. The manure from chicks fed the ZnO-1,500 treatment contained a significantly higher amount of Zn than that of chicks fed the other treatments, whereas the manure from chicks fed the control and CuSO 4 -20 had significantly less.
Copper levels in the manure of chicks fed the ZnO-500 treatment were significantly higher than those in the manure of chicks fed ZnSO 4 -1,000, ZnSO 4 -1,500, ZnO-1,000, and CuSO 4 -20 diets. The manure from chicks fed the control diet had significantly lower levels than the other treatments because the control diet did not contain the additional 20 ppm of Cu from CuSO 4 that was present in the other dietary treatments. The manure from chicks Means within a column with different superscripts differ significantly (P < 0.05). fed the ZnSO 4 -1,500 treatment had significantly less Cu than that from chicks fed the other Zn treatments.
The Zn levels of breast muscle were not significantly different among the treatments. Cu levels in breast muscle were not detectable. Although Fe, P, and K levels were also measured, the dietary Zn treatments did not significantly affect their concentrations in manure or breast muscle.
The contents of uric acid N and total N in the manure from chicks fed the different levels of Zn from ZnSO 4 or ZnO before and after 21 d of incubation are shown in Table 4 . On d 0, there were no significant differences in uric acid N among the treatments. However, after the 21-d incubation, the manure from chicks fed the ZnO-1,000 treatments had significantly higher uric acid N levels compared with the manure from those fed the ZnSO 4 -500 diet. Although increasing dietary Zn levels from 500 Means within a column with different superscripts differ significantly (P < 0.05). to 1,500 ppm reduced the losses of manure uric acid N after 21 d of incubation, there were no significant differences in the loss of uric acid N after incubation among the treatments.
Manure total N levels on d 0 and 21 were not significantly different among the treatments. However, there were significant differences in the losses of manure total N before and after 21 d of incubation; the manure from chicks fed the Zn-treated diets had significantly less total N loss compared with manure from those fed the control diet. The manure from chicks fed the ZnO-1,500 diet had significantly less total N loss after 21-d incubation than that from chicks fed the other treatment diets.
Manure pH levels from chicks fed different levels of Zn from ZnSO 4 or ZnO before and after a 21-d incubation are shown in Table 5 . Before the incubation, the manure pH levels of chicks fed the ZnSO 4 -1,500 (6.51) and ZnO- Means within a column with different superscripts differ significantly (P < 0.05). 500 (6.53) diets were significantly lower than those in manure from chicks fed the ZnO-1,500 (7.51) diet. However, after 21 d of incubation, there were no significant differences in pH among the treatments.
DISCUSSION
The results of the present study indicated that 1,500 ppm of Zn supplementation as ZnSO 4 reduced BW, feed consumption, and feed efficiency compared with the other treatments; however, the ZnO treatments did not depress broiler performance. One of the reasons for the Means within a column with different superscripts differ significantly (P < 0.05). differences in BW and feed consumption could be the bioavailabilities of Zn sources. Highly available Zn sources are more toxic when consumed at high levels (Sandoval et al., 1998), and Sandoval et al. (1997) and Ammerman et al. (1998) indicated that ZnO was less bioavailable relative to ZnSO 4 .
Findings of the study reported herein are in agreement with other studies. Roberson and Schaible (1960) indicated that 1,500 ppm of ZnSO 4 supplementation depressed broiler growth, whereas this level of ZnO was tolerated to a greater degree than that of the sulfate or carbonate forms. Sandoval et al. (1998) also reported that the feed intake and BW of chicks fed 1,500 ppm Zn as ZnSO 4 were significantly depressed compared with those of chicks fed 0, 500, or 1,000 ppm Zn as ZnSO 4 . However, dietary supplementation of Zn as ZnO did not show any detrimental effect on broiler performance (Roberson and Schaible, 1960; Johnson et al., 1962; Sandoval et al. 1997) .
Zinc excretion in the manure increased linearly as dietary Zn levels increased. The Zn levels of manure were concentrated approximately 4-fold greater than dietary levels. However, birds fed the 1,500 ppm ZnO treatment excreted significantly more Zn (16%) than birds fed the same level of Zn as ZnSO 4 (Sandoval et al., 1997; Ammerman et al., 1998) . This finding could also be due to the bioavailability of Zn sources. Because the bioavailability of ZnO is lower than that of ZnSO 4 , birds fed the 1,500 ppm ZnO treatment excreted significantly more Zn than those fed 1,500 ppm ZnSO 4 .
The Zn levels in breast muscle were not significantly different among the treatments, and there were no other trends in muscle mineral concentration influenced by dietary Zn levels. Sandoval et al. (1998) The Zn supplementation herein significantly reduced the loss of manure total N after the 21-d manure incubation compared with that of chicks fed the control diet. In the present study, however, Zn not only appears to inhibit the activity of microbial uricase but also to reduce the activities of other microbial enzymes related to ammonia production in poultry manure. There are 5 enzymatic steps in aerobic degradation of uric acid (Bacharach, 1957; Bongaerts et al., 1978) . First, uricase converts uric acid into allantoin. Second, allantoin is converted into allantoic acid by allantoinase. Third, allantoic acid is converted into ureidoglycolate by allantoate amidohydrolase. Fourth, ureidoglycolate is converted into glyoxylate and urea by ureidoglycolase, and finally, urea is hydrolyzed into ammonia and CO 2 by urease. The Zn treatments herein might influence these 5 enzymes, increasing the retention of intermediate components of uric acid.
Although there were significant differences in the losses of total N after 21 d of incubation, the total N loss after 21 d of incubation was relatively lower. One of the possible reasons why total N loss was low could have been due to low manure moisture and pH levels. The initial manure samples were not moist, and manure samples quickly dried during the 3-wk incubation. Although the sample manure was collected and frozen daily during the 3-wk feeding trial, the chicks consumed a small amount of feed, producing little manure, and the brooder heating element dried the manure in the collecting trays. Furthermore, the dry manure most likely affected pH level, preventing ammonia N volatilization. The pH of the manure on d 21 in the present study was approximately 6.5, which was much lower than the normal pH of 3-wk-old broiler manure (approximately 9). This low pH in the manure of the present study may have reduced ammonia loss from the manure, diminishing differences in total N among the control and the Zn treatments.
